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ABSTRACT 
T h i s  p a p e r  r e p o r t s  o n  p a r t  o f  I IASA1s r e s e a r c h  c o n c e r n i n g  
r e g i o n a l  w a t e r  management p l a n n i n g ,  f o c u s i n g  on  t h e  Wes te rn  ~ k 8 n e  
r e g i o n  i n  S o u t h e r n  Sweden. The I IASA1s  s t u d i e s  a r e  c o n c e r n e d  
w i t h  f o u r  i s s u e s '  o f  p a r t i c u l a r  i m p o r t a n c e  t o  water r e s o u r c e s  
management, namely,  c o n f l i c t  r e s o l u t i o n ,  c r i t e r i a  o f  c h o i c e ,  
u n c e r t a i n t y ,  a n d  i n s t i t u t i o n a l  a r r a n g e m e n t s .  T h i s  p a p e r  i s  
r e l a t e d  p r i m a r i l y  t o  t h e  f i r s t  two o f  t h e s e  i s s u e s .  An i n t e r -  
a c t i v e  p r o c e d u r e  s e e k i n g  t h e  s a t i s f a c t o r y  nondominated s o l u t i o n  
o f  t h e  m u l t i o b j e c t i v e  w a t e r  r e s o u r c e s  a l l o c a t i o n  p rob lem i s  
d i s c u s s e d .  I t  i s  b a s e d  o n  t h e  Powe l l  method w i t h  p e n a l t y  func -  
t i o n  f o r  t h e  s o l u t i o n  o f  s c a l a r  o p t i m i z a t i o n  p rob lem and  o n  a  
c o n s t r a i n t  and  w e i g h t i n g  method,  o r  a c t u a l l y  a  r e f e r e n c e  o b j e c -  
t i v e  method,  f o r  t h e  s o l u t i o n  o f  t h e  m u l t i o b  j e c t i v e  o p t i m i z a t i o n  
problem.  A p p l i c a t i o n  o f  t h e  p r o c e d u r e  i s  i l l u s t r a t e d  by  a n  
example r e f e r r i n g  t o  t h e  s i t u a t i o n  i n  t h e  K a v l i n g e  R i v e r  s y s t e m  
i n  t h e  Wes te rn  ~ k s n e ,  Sweden. 
AN INTERACTIVE PROCEDURE FOR 
MULTIOBJECTIVE ANALYSIS OF WATER 
RESOURCES ALLOCATION 
J- K i n d l e r ,  P. Z i e l i n s k i ,  and L. d e  Mar6 
INTRODUCTION 
The p a s t  d e c a d e  w i t n e s s e d  development  o f  a  l a r g e  number o f  
computer -a ided  p r o c e d u r e s  d e s i g n e d  t o  a s s i s t  w a t e r  r e s o u r c e s  
p l a n n e r s  and managers  i n  a n a l y s i s  and e v a l u a t i o n  o f  m u l t i o b j e c t i v e  
r e s o u r c e  a l l o c a t i o n  problems.  The l i t e r a t u r e  r e f e r r i n g  t o  t h i s  
t o p i c  i s  a b u n d a n t ;  r e v i e w  and e v a l u a t i o n  o f  e x i s t i n g  p r o c e d u r e s  
h a s  been  t h e  s u b j e c t  o f  s e v e r a l  p u b l i c a t i o n s  s u c h  a s  Cohon and 
Marks ( 1 9 7 5 ) ,  ~ a i m e s  e t  a l .  (19751,  H a i t h  and Loucks ( 1 9 7 6 ) ,  
Major ( 1 9 7 7 ) ,  and W i e r z b i c k i  (1979)  . What i s  common t o  p r a c -  
t i c a l l y  a l l  o f  t h e  m u l t i o b j e c t i v e  a n a l y s i s  p r o c e d u r e s  i s  t h a t  
t h e y  p r o v i d e  mechanism f o r  e s t i m a t i n g  t h e  t r a d e - o f f s  among 
c o n f l i c t i n g  o b j e c t i v e s .  But  it s h o u l d  b e  u n d e r l i n e d  t h a t  
e s t i m a t i n g  t h e s e  t r a d e - o f f s  i s  n o t  synonymous t o  making t h e  
c h o i c e s  among c o n f l i c t i n g  o b j e c t i v e s ,  e s p e c i a l l y  when t h e y  a r e  
o f  t h e  noncommensurable c h a r a c t e r .  Thus it i s  i n e v i t a b l e  t h a t  
t h o s e  r e s p o n s i b l e  f o r  i m p l e m e n t a t i o n  o f  e a c h  p a r t i c u l a r  o b j e c t i v e  
must  become i n v o l v e d  i n  t h e  p r o c e s s  o f  s e l e c t i n g  t h e  s a t i s f a c t o r y  
nondominated s o l u t i o n  (March and Simon, 1 9 5 8 ) .  T h i s  i s  u s u a l l y  
a  complex p r o c e s s  i n v o l v i n g  n e g o t i a t i o n s  and  b a r g a i n i n g  among 
a l l  p a r t i e s  c o n c e r n e d .  The p r o c e d u r e  p r e s e n t e d  i n  t h i s  p a p e r  
p r o v i d e s  a n  example how s y s t e m  a n a l y s t s  may c o n t r i b u t e  t o  t h i s  
p r o c e s s  and  t o  t h e  u l t i m a t e  i d e n t i f i c a t i o n  o f  a  s o l u t i o n  a c c e p t -  
a b l e  t o  a l l  conce rned .  The p r o c e d u r e  is i n  f a c t  a  t y p e  o f  
r e f e r e n c e  o b j e c t i v e  method a s  p roposed  by W i e r z b i c k i  (1975,  1979)  . 
The work d i s c u s s e d  h e r e w i t h  was i n s p i r e d  by t h e  s i t u a t i o n  
e n c o u n t e r e d  i n  t h e  K a v l i n g e  R i v e r  Sys tem i n  t h e  r e g i o n  o f  Wes te rn  
~ k s n e  i n  Sweden. The Wes te rn  ~ k g n e  i s  o n e  o f  t h e  I IASA's  c a s e  
s t u d i e s  conce rned  w i t h  r e g i o n a l  w a t e r  management p l a n n i n g .  I n  
F i g u r e  1 ,  g e n e r a l  scheme o f  t h e  Kav l inge  R i v e r  Sys tem i s  shown 
( d a t a  c h a r a c t e r i z i n g  t h e  s y s t e m  a r e  s p e c i f i e d  i n  T a b l e  1  o f  t h i s  
p a p e r ) ,  Water  r e s o u r c e s  o f  t h e  Kav l inge  R i v e r  a r e  t o  b e  
a l l o c a t e d  t o  s e v e r a l  d i f f e r e n t  u s e r s .  F i r s t ,  t h e  r e g u l a t e d  
Vomb Lake s e r v e s  a s  a  s o u r c e  of m u n i c i p a l  w a t e r  s u p p l y  f o r  t h e  
c i t y  o f  Malmt). I n  t h e  l a t e  4 0 ' s  when t h e  Vomb-Malm6 s u p p l y  
scheme became o p e r a t i o n a l ,  it was d e c i d e d  n o t  o n l y  how much 
water Malmt) may wi thd raw from Vomb b u t  a lso  c e r t a i n  r e s t r i c t i o n s  
c o n c e r n i n g  minimum f l o w  i n  K a v l i n g e  a t  c o n t r o l  p o i n t  A w e r e  
imposed. The l a k e  i s  a l s o  u s e d  f o r  r e c r e a t i o n a l  p u r p o s e s ,  a n d  
it i s  d e s i r e d  t h a t  w a t e r  l e v e l s  i n  t h e  l a k e  d o  n o t  d e v i a t e  much 
from a  c e r t a i n  l e v e l  c o n s i d e r e d  t o  b e  o p t i m a l  f o r  t h i s  p a r t i c -  
u l a r  p u r p o s e .  I n  t h e  e a r l y  7 0 ' s  a  new w a t e r - u s e r  emerged i n  
t h e  Kav l inge  sys t em.  Dur ing  a  few c o n s e c u t i v e  d r y  y e a r s ,  l o c a l  
f a r m e r s  began  w i t h d r a w i n g  c o n s i d e r a b l e  amount o f  w a t e r  f rom t h e  
r i v e r  f o r  i r r i g a t i o n  p u r p o s e s .  These  a d d i t i o n a l  w a t e r  w i t h -  
d r a w a l s  a g g r a v a t e d  n o t  o n l y  t h e  w a t e r  q u a n t i t y  b u t  a lso  t h e  w a t e r  
q u a l i t y  problems i n  t h e  ~ a v i i n ~ e  sys t em;  c o n c e n t r a t i o n  o f  chemi- 
c a l s  due  t o  f e r t i l i z a t i o n  p r a c t i c e s  h a s  i n c r e a s e d  s u b s t a n t i a l l y .  
I t  becomes c l e a r  t h a t  o c c a s i o n a l l y ,  e s p e c i a l l y  d u r i n g  t h e  low- 
f l o w  p e r i o d s ,  c o m p l e t e  s a t i s f a c t i o n  o f  a l l  w a t e r  r e q u i r e m e n t s  
i n  t h e  s y s t e m  i s  i m p o s s i b l e ,  b o t h  i n  t h e  s e n s e  o f  w a t e r  q u a n t i t y  
and i t s  q u a l i t y .  
The a n a l y t i c a l  p r o c e d u r e  p r e s e n t e d  i n  t h i s  p a p e r  was 
d e v e l o p e d  a s  a n  a i d  t o  b e  used  i n t e r a c t i v e l y  by t h o s e  i n v o l v e d  
i n  t h e  d e c i s i o n s  c o n c e r n i n g  a l l o c a t i o n  o f  w a t e r  r e s o u r c e s  i n  
t h e  s y s t e m  unde r  t h e  r e s o u r c e  s c a r c i t y  s i t u a t i o n s .  The p r o c e -  
d u r e  c a n  b e  used  i n  t h e  w a t e r  management p l a n n i n g  c o n t e x t  t o  
d e v e l o p  c e r t a i n  r u l e s  how t o  a l l o c a t e  r e s o u r c e s  a t  t h e  d i f f e r e n t  
l e v e l s  o f  t h e i r  s c a r c i t y .  I t  c a n  a l s o  b e  u s e d  i n  t h e  o p e r a t i o n a l  
c o n t e x t  t o  make a l l o c a t i o n a l  d e c i s i o n s  i n  t h e  f a c e  o f  c u r r e n t  
w a t e r  a v a i l a b i l i t y  s i t u a t i o n .  
THE MODEL 
D e s c r i p t i o n  o f  D e c i s i o n  V a r i a b l e s  
The model c o n t a i n s  1 1  d e c i s i o n  v a r i a b l e s  (see F i g u r e  1 ) : 
1 - i r r i g a t i o n  w i t h d r a w a l s  f o r  a g r i c u l t u r a l  a r e a  1 1 4  ( m 3 / h a ) ,  
X2 - i r r i g a t e d  p a r t  o f  a g r i c u l t u r a l  a r e a  114 ( h a ) ,  
X 3  - r e l e a s e  f rom Vomb Lake ( m 3 / s ) ,  
! 
- i r r i g a t i o n  w i t h d r a w a l s  f o r  a g r i c u l t u r a l  a r e a  104 
(m3/ha) , 
X 5  - i r r i g a t e d  p a r t  o f  a g r i c u l t u r a l  a r e a  104 ( h a ) ,  
X6 - i r r i g a t i o n  w i t h d r a w a l s  f o r  a g r i c u l t u r a l  a r e a  64 (m3/ha) , 
X7 - i r r i g a t e d  p a r t  o f  a g r i c u l t u r a l  a r e a  64 ( h a ) ,  
X8 - w a t e r  i n t a k e  f o r  Malmd ( m 3 / s ) ,  
X9 - a p p l i c a t i o n  r a t e  o f  f e r t i l i z a t i o n  f o r  t h e  i r r i g a t e d  p a r t  o f  a g r i c u l t u r a l  a r e a  1 1  4 ( k g / h a )  , 
X 10 - a p p l i c a t i o n  r a t e  o f  f e r t i l i z a t i o n  f o r  t h e  i r r i g a t e d  p a r t  o f  a g r i c u l t u r a l  a r e a  104 ( k g / h a ) ,  
X1 1 - a p p l i c a t i o n  r a t e  o f  f e r t i l i z a t i o n  f o r  t h e  i r r i g a t e d  p a r t  o f  a g r i c u l t u r a l  a r e a  64 ( k g / h a ) .  
O b j e c t i v e  F u n c t i o n s  
The m u l t i o b j e c t i v e  o p t i m i z a t i o n  p rob lem h a s  t h e  f o l l o w i n g  
noncommensurable o b j e c t i v e  f u n c t i o n s :  
0 Y i e l d  e f f e c t s  o f  i r r i g a t i o n  and  f e r t i l i z a t i o n  i n  
a g r i c u l t u r a l  a r e a s  114 ,  104 and  64 : 
where f  l ,  f  2 ,  f  a r e  n o n l i n e a r  f u n c t i o n s  (see F i g u r e  2 )  . 3 
o  Water  d e f i c i t  i n  Malmd: 
J (x) = P - 4 - 
o  D e v i a t i o n  from t h e  minimum f low r e q u i r e d  a t  t h e  c o n t r o l  
p o i n t  A: 
o  D e v i a t i o n  o f  t h e  a c t u a l  w a t e r  s t o r a g e  l e v e l  i n  Vomb Lake 
from t h e  l e v e l  o p t i m a l  f o r  r e c r e a t i o n :  
1 
J 6 ( x )  - = g[sop t l  - g [ s o  + ( q l  + 9 2  - 9 114x1x2T + 
where g i s  t h e  volume c u r v e  o f  Voimb Lake (see F i g u r e  3)  3 
and t h e  a rgument  o f  f u n c t i o n  g  is  s t o r a g e  volume i n  (Mrn ) .  
0 C o n c e n t r a t i o n  o f  p o l l u t a n t s  a t  t h e  c o n t r o l  p o i n t  A 
( d e v i a t i o n  frommaximum a c c e p t a b l e  c o n c e n t r a t i o n )  
I n  t h e  above  f u n c t i o n s  P r e p r e s e n t s  w a t e r  r e q u i r e m e n t s  o f  
3  Malmd ( i n  m / s ) ,  Q N  is  t h e  minimum f l o w  r e q u i r e d  a t  t h e  c o n t r o l  
3 p o i n t  A ( i n  m /s) , T i s  t h e  l e n g t h  o f  t i m e  p e r i o d ( i n  s )  , 1 4  , 
O l O 4  , and OG4 a r e  w a t e r  l o s s  c o e f f i c i e n t s  i n  a g r i c u l t u r a l  a r e a s  
1 1 4 ,  104 a n d  64 r e s p e c t i v e l y ,  q l ,  q 2 ,  q 3 ,  q 4  a r e  i n f l o w s  t o  t h e  
3  
s y s t e m  ( i n  m /s)  , s o  i s  the i n i t i a l  s t o r a g e  volume o f  Vomb Lake 
3  ( i n  m /s T ) ,  So i s  t h e  maximum a c c e p t a b l e  c o n c e n t r a t i o n  o f  p o l -  
l u t a n t s  a t  t h e  c o n t r o l  p o i n t  A ( i n  m g / l l ,  c 1 5  i s  t h e  a c t u a l  
c o n c e n t r a t i o n  o f  p o l l u t a n t s  a t  t h e  c o n t r o l  p o i n t  ?-. 
The f u n c t i o n s  J1 ,  J2 ,  J3 s h o u l d  be maximized,  f u n c t i o n s  J4 ,  
J5, J6 and J7 s h o u l d  b e  min imized .  However, i n  o r d e r  t o  s i m -  
p l i f y  c o m p u t a t i o n s ,  t h e  s i g n s  o f  f u n c t i o n s  J 1 ,  J2 ,  J3 w e r e  
changed t o  o b t a i n  m i n i m i z a t i o n  o f  a l l  o b j e c t i v e s .  
The f i r s t  t h r e e  o b j e c t i v e  f u n c t i o n s  r e p r e s e n t  t h e  y i e l d  
e f f e c t s  o f  i r r i g a t i o n  and  f e r t i l i z a t i o n  i n  t h r e e  a g r i c u l t u r a l  
a r e a s  and a r e  measured  i n  n a t u r a l  u n i t s  ( f o r  example  t o n s  o f  
3  
c r o p )  . The f u n c t i o n s  J4 and J5 a r e  measured i n  m / s t  f u n c t i o n  
J i n  meters, and f u n c t i o n  J7 i n  mg/l .  6  
C o n s t r a i n t  S e t  
The set o f  25 c o n s t r a i n t s  c a n  be  d i v i d e d  i n t o  s i x  g r o u p s .  
The f i r s t  g r o u p  o f  c o n s t r a i n t s  s t a t e s  t h a t  none o f  t h e  d e c i s i o n  
v a r i a b l e s  must be n e g a t i v e :  
The second q roup  s t a t e s  t h a t  t h e  f lows  i n  a l l  r e a c h e s  o f  
t h e  sys tem must be nonnega t ive :  
1  
- X - L q l  
"1 2T I 
where q l ,  q j  a r e  i n f l o w s  t o  t h e  sys tem,  T  i s  t h e  l e n g t h  o f  t ime 
p e r i o d  . 
These two c o n s t r a i n t s  a r e  s u f f i c i e n t  f o r  n o n n e g a t i v i t y  o f  
f l o w s  i n  a l l  r e a c h e s .  
The t h i r d  group d e s c r i b e s  r e l a t i o n s h i p s  between d e c i s i o n  
v a r i a b l e s  and p h y s i c a l  c o n s t r a i n t s  o f  each v a r i a b l e :  
X 2  5 Al14  (10a)  
'5 f A l ~ 4  ( 1  0b)  
X7 -< A 6 4  ( 1 Oc) 
X9 5 F 1 1 4  ( 10d) 
X 1 0 5  F 1 0 4  
( 10e) 
X1lL F64 
( 1 0 f )  I 
where A l 1 4 ,  A l O 4 ,  As4  a r e  t h e  maximum ( p o t e n t i a l )  a c r e a g e s  a v a i l -  
a b l e  f o r  i r r i g a t i o n  i n  a r e a s  1 1 4 ,  104 and 64 r e s p e c t i v e l y ,  and 
F 1 1 4 '  F104' F64 a r e  t h e  o p t i m a l  a p p l i c a t i o n  r a t e s  o f  f e r t i l i z a -  
t i o n  i n  t h e s e  a r e a s .  
The f o u r t h  group of  c o n s t r a i n t s  i s  t h a t  w a t e r  i n f l o w  t o  each  
a g r i c u l t u r a l  a r e a  c a n n o t  exceed t h e  o p t i m a l  i r r i g a t i o n  r a t e :  
( 1  l a )  
where O R l l 4 ,  O R l o 4 ,  ORs4 a r e  t h e  o p t i m a l  a p p l i c a t i o n  r a t e s  o f  
3 i r r i g a t i o n  w a t e r ,  and p  i s  p r e c i p i t a t i o n  ( i n  m / h a )  . 
The f i f t h  group o f  c o n s t r a i n t s  i s  r e l a t e d  t o  t h e  r e g u l a t e d  
Vomb Lake ( s t o r a g e  r e s e r v o i r )  : 
where SO i s  t h e  i n i t i a l  s t o r a g e  volume o f  Vomb. T h i s  c o n s t r a i n t  
means t h a t  t h e  volume o f  w a t e r  r e l e a s e d  from t h e  r e s e r v o i r  c a n n o t  
exceed t h e  c o n t e n t s  o f  t h e  r e s e r v o i r  a t  t h e  b e g i n n i n g  o f  t h e  
p e r i o d  p l u s  i n f l o w  i n t o  t h e  r e s e r v o i r  d u r i n g  t h a t  p e r i o d .  
where S i s  t h e  t o t a l  c a p a c i t y  o f  Vomb Lake i n  ~m'. T h i s  con- 
s t r a i n t  s t a t e s  t h a t  t h e  c o n t e n t s  o f  t h e  r e s e r v o i r  a t  t h e  end o f  
t h e  p e r i o d  c o n s i d e r e d  c a n n o t  exceed t h e  c a p a c i t y  o f  t h e  reser- 
v o i r .  
The s i x t h  group c o n t a i n s  o n l y  one  c o n s t r a i n t  which s ta tes  
t h a t  w a t e r  i n t a k e  f o r  Malmd c a n n o t  exceed w a t e r  r e q u i r e m e n t s  
o f  t h i s  c i t y :  
SOLUTION PROCEDURE 
Mathemat ica l ly ,  t h e  above o p t i m i z a t i o n  problem may be 
w r i t t e n  a s  f o l l o w s :  
min J ( x )  = 1-J1 ( X I ,  -J2  ( x )  1 -J ( x ) ,  J 4  ( X I ,  J 5 ( x ) (  J ~ ( x ) ~  J 7 ( ~ ) 1  
- - 3 - - - - - 
( 1 4 )  
s u b j e c t  t o :  
where t h e  f u n c t i o n s  J . ( x )  and some gi ( x )  d e f i n e d  above a r e  I 
n o n l i n e a r .  
The i n t e r a c t i v e  p r o c e d u r e  s e e k i n g  t h e  s a t i s f a c t o r y  nondominated 
s o l u t i o n  o f  problem ( 1 4 )  i s  based  on t h e  Powell  method ( P o w e l l ,  
1969) w i t h  p e n a l t y  f u n c t i o n s  f o r  t h e  s c a l a r  o p t i m i z a t i o n  problem 
and on t h e  c o n s t r a i n t  and w e i g h t i n g  method (Cohon and Marks, 
1 9 7 5 ) ,  which i s  i n  f a c t  a  t y p e  o f  r e f e r e n c e  o b j e c t i v e  method 
( W i e r z b i c k i ,  1975, 1 9 7 9 ) ,  f o r  t h e  m u l t i o b j e c t i v e  o p t i m i z a t i o n  
problem. 
The s o l u t i o n  p r o c e d u r e  c a n  b e  d e s c r i b e d  i n  f o u r  s t e p s :  
( 1 )  A l a r g e  number o f  f e a s i b l e  s o l u t i o n  i s  g e n e r a t e d .  
The s o l u t i o n  - 2 f o r  which  t h e  s c a l a r  o b j e c t i v e  f u n c t i o n  
h a s  t h e  b e s t  v a l u e ,  i s  t a k e n  a s  t h e  i n i t i a l  p o i n t  f o r  
t h e  n o n l i n e a r  o p t i m i z a t i o n .  
( 2 )  c a r r y  o u t  t h e  m i n i m i z a t i o n  o f  t h e  n o n l i n e a r  s c a l a r  
p rob lem 
a p p l y i n g  t h e  Powe l l  method w i t h  p e n a l t y  f u n c t i o n s  and  
h 
t a k i n g  t h e  p o i n t  - x a s  a  s t a r t i n g  p o i n t  f o r  t h e  o p t i m i z a -  
t i o n .  L e t  t h e  r e s u l t  o f  o p t i m i z a t i o n  b e  w .  - 
( 3 )  The r e s u l t  o f  o p t i m i z a t i o n  w - i s  o n e  o f  t h e  set  o f  
n o n i n f e r i o r  s o l u t i o n s .  The l e v e l s  o f  o b j e c t i v e  func-  
t i o n s  a t t a i n e d  f o r  s o l u t i o n  w a r e  now known. T h i s  
- 
s o l u t i o n  and  l e v e l s  o f  o b j e c t i v e  f u n c t i o n s  f o r  w - a r e  
p r e s e n t e d  t o  t h e  dec i s ion -maker  ( D M ) .  Moreover ,  a l l  
o t h e r  p e r t i n e n t  i n f o r m a t i o n  i s  a l s o  p r e s e n t e d  - f o r  
example ,  t h e  maximal and  min imal  a t t a i n a b l e  l e v e l s  o f  
o b j e c t i v e  f u n c t i o n s  wh ich  a r e  e a s y  t o  e s t i m a t e  i n  
t h e  c o n s i d e r e d  example .  The DM h a s  t o  answer  two 
f o l l o w i n g  q u e s t i o n s :  
o  The s a t i s f a c t i o n  o f  which  o b j e c t i v e  s h o u l d  b e  
improved? 
o  How much t h e  s a t i s f a c t i o n  o f  o t h e r  o b j e c t i v e s  
c a n  b e  changed?  
To answer  t h e s e  q u e s t i o n s ,  t h e  DM makes u s e  o f  t h e  
computed and  t h e  e x t r e m e  l e v e l s  o f  o b j e c t i v e  f u n c t i o n s  
J i (5) .  I f  no  improvement  i s  d e s i r e d  t h e  m u l t i o b j e c t i v e  
problem h a s  been  s o l v e d  a n d  v e c t o r  w w i t h  J .  ( w )  
- 1 - 
r e p r e s e n t s  t h e  u l t i m a t e  s o l u t i o n .  Otherwise ,  t h e  
DM i n d i c a t e s  t h e  o b j e c t i v e  f u n c t i o n  J n ( x )  - which 
shou ld  b e  improved and s p e c i f i e s  t h e  v a l u e s  o f  
c o n s t r a i n t s  Bi ( o t h e r w i s e  c a l l e d  r e f e r e n c e  o b j e c -  
t i v e  l e v e l s )  f o r  o t h e r  o b j e c t i v e  f u n c t i o n s  
J, (5 )  . J2 (5 )  . . . . .  Jn-l  ( x )  - . . . . ,  J 7  (x) . 
( 4 )  Def ine  t h e  new o p t i m i z a t i o n  problem: 
min Jn(5) 
.... s . t .  g i ( 5 )  -< 0 i = l ,  2 ,  25 
where Bk - > J k ( w )  - f o r  a l l  k ( 1 8 )  
and a t  l e a s t  one  o f  i n q e u a l i t i e s  ( 1  8 )  must be  
s a t i s f i e d  a s  a s t r i c t  i n e q u a l i t y .  
The r e s u l t  o f  o p t i m i z a t i o n  problem ( 1 7 )  w1 i s  such  t h a t  
4 
- 
J , ( w ' )  < J ( w )  and s a t i s f a c t i o n  o f  a t  l eas t  o n e  o f  t h e  o t h e r  
- n  - 
o b j e c t i v e s  is worse t h a n  f o r  t h e  s o l u t i o n  w .  
- 
1  The r e s u l t  w1 - and t h e  l e v e l s  o f  o b j e c t i v e  f u n c t i o n s  J ( w  - - 1 
are  p r e s e n t e d  t o  DM ( r e t u r n  t o  s t e p  ( 3 )  1. 
I t  s h o u l d  be n o t e d  t h a t  t h e  s o l u t i o n  o f  t h e  new o p t i m i z a t i o n  
problem i n  s t e p  ( 4 )  i s  c l e a r l y  a n o n i n f e r i o r  s o l u t i o n ,  i f  t h e  
a d d i t i o n a l  c o n s t r a i n t s  ( 17)  a r e  s t r i c t l y  s a t i s f i e d .  However, 
t h e  p e n a l t y  f u n c t i o n  t e c h n i q u e  and Powel l  method a r e  used  f o r  
d e a l i n g  w i t h  t h e s e  c o n s t r a i n t s ;  it may happen t h a t  t h e s e  con- 
s t r a i n t s  a r e  n o t  p r e c i s e l y  m e t .  On t h e  o t h e r  hand, i f  t h i s  t ech-  
n i q u e  i s  i n t e r p r e t e d  a s  a t y p e  o f  r e f e r e n c e  o b j e c t i v e  p r o c e d u r e  
w i t h  p e n a l t y  s c a l a r i z a t i o n ,  t h e  n o n i n f e r i o r i t y  o f  t h e  s o l u t i o n  
can  be g u a r a n t e e d  e v e n  i f  t h e  c o n s t r a i n t s  (17)  a r e  n o t  m e t .  
I n  f a c t ,  i f  o n e  c o n s i d e r s  t h e  p e n a l t y  s c a l a r i z i n g  f u n c t i o n :  
where p > 0 i s  a  p e n a l t y  c o e f f i c i e n t  and ( y )  = max ( O 1 y ) ,  t h e n  
t h e  f u n c t i o n  s i s  s t r i c t l y  o r d e r - p r e s e r v i n g  and i t s  minimal  
p o i n t s  c o r r e s p o n d  t o  n o n i n f e r i o r  s o l u t i o n s  even  i f  J ~ ( x )  - 
> Bi 
( s e e  W i e r z b i c k i ,  1979) . T h e r e f o r e ,  i t  is even p o s s i b l e  t o  
s i m p l i f y  t h e  Powel l  method and s t o p  i t s  i t e r a t i o n s  ear l ie r ,  when 
some o f  t h e  new c o n s t r a i n t s  ( 1 7 )  a r e  n o t  m e t  p r e c i s e l y .  
Moreover,  a f t e r  min imiz ing  t h e  p e n a l t y  s c a l a r i z i n g  f u n c t i o n  
( 1 9 )  under  t h e  c o n s t r a i n t s  gi - < 0 ,  i = l ,  .., 25, o n e  c a n  a p o s t e r i o r i  
d e t e r m i n e  t h e  w e i g h t i n g  c o e f f i c i e n t s  h i  o r  t r a d e - o f f s  between 
v a r i o u s  o b j e c t i v e  f u n c t i o n s .  These c o e f f i c i e n t s  are d e t e r m i n e d  
by : 
A 
where - x i s  t h e  n o n i n f e r i o r  s o l u t i o n  o b t a i n e d  th rough  t h e  mini-  
- 
m i z a t i o n  o f  s (J  ( x )  ) and Bi = Ei ,  i f  t h e  Powell  method w a s  n o t  
a p p l i e d  t o  t h e  c o n s t r a i n t s  ( 17)  ; i f  ' the  Powel l  method o f  s h i f t i n g  
- 
c o n s t r a i n t s  was a p p l i e d ,  Bi d e n o t e s  Bi m o d i f i e d  by t h e  r e s u l t i n g  
s h i f t  o f  c o n s t r a i n t s .  The a p o s t e r i o r i  i n f o r m a t i o n  on  t r a d e - o f f s  
c a n  h e l p  t h e  DM, s i n c e :  
and he  knows, i n  f i r s t - o r d e r  a p p r o x i m a t i o n ,  what  a n  improvement 
o f  Jn ( x )  he c a n  e x p e c t  i f  he changes  t h e  r e f e r e n c e  o b j e c t i v e  
- 
l e v e l s  Bi f o r  Ji ( x )  . 
- 
However, i n  t h e  f i r s t  implementa t ion  o f  t h e  proposed pro-  
c e d u r e ,  no p r o v i s i o n  was made f o r  p r e s e n t a t i o n  o f  t h e  a d d i t i o n a l  
a p o s t e r i o r i  i n f o r m a t i o n  on  t r a d e - o f f s  t o  t h e  DM. S i m i l a r l y ,  
no o t h e r  t y p e  o f  t h e  p e n a l t y  s c a l a r i z i n g  f u n c t i o n  t h a n  (19)  w a s  
p r e l i m i n a r i l y  i n v e s t i g a t e d .  One c o u l d  c o n s i d e r ,  f o r  example,  
t h e  f o l l o w i n g  s c a l a r i z i n g  f u n c t i o n :  
and ask  t h e  DM t o  s p e c i f y  d e s i r e d  r e f e r e n c e  o b j e c t i v e  l e v e l s  
Bi f o r  - a l l  o b j e c t i v e  f u n c t i o n s ;  a s  shown by W i e r z b i c k i  ( 1 9 7 9 ) .  
t h e s e  r e f e r e n c e  o b j e c t i v e  l e v e l s  need n o t  be a t t a i n a b l e  a s  long  
a s  t h e  s c a l a r i z i n g  f u n c t i o n  i s  o r d e r - p r e s e r v i n g .  
SOLUTION AND RESULTS 
The g e n e r a l  scheme o f  t h e  s y s t e m  i n  q u e s t i o n  i s  shown i n  
F i g u r e  1 .  The s y s t e m  i s  c h a r a c t e r i z e d  by s e v e r a l  p a r a m e t e r s  
d e s c r i b i n g  w a t e r  i n f l o w s ,  p r e c i p i t a t i o n ,  c o n c e n t r a t i o n  o f  po l -  
l u t a n t s ,  t h e  r e s e r v o i r ,  f e r t i l i z a t i o n  and i r r i g a t i o n  a p p l i c a t i o n  
r a t e s .  These p a r a m e t e r s  a r e  s p e c i f i e d  i n  Tab le  1  ( b e c a u s e  o f  
t h e  i n i t i a l  s t a g e  o f  t h e  a n a l y s i s  some o f  them a r e  o f  a  hypo- 
t h e t i c a l  c h a r a c t e r )  . 
The r e s u l t s  o f  t h e  tes t  a p p l i c a t i o n  o f  t h e  proposed proce-  
d u r e  a r e  shown i n  T a b l e s  2  and 3 .  I n  T a b l e  2 ,  computer  p r i n t o u t  
o f  t h e  f i r s t  n o n i n f e r i o r  s o l u t i o n  i s  p r e s e n t e d .  A t  t h e  background 
o f  t h e w o r s t  and t h e  b e s t  s o l u t i o n  f o r  e a c h  o f  t h e  seven  o b j e c -  
t i v e  f u n c t i o n s ,  t h e i r  a c t u a l  (computed) v a l u e s  a r e  i n d i c a t e d  
t o g e t h e r  w i t h  t h e  p e r c e n t a g e  t o  which e a c h  o b j e c t i v e  i s  s a t i s -  
f i e d .  Next t h e  v a l u e s  o f  a l l  e l e v e n  d e c i s i o n  v a r i a b l e s  a r e  
i n d i c a t e d  a s  w e l l  a s  t h e  i n i t i a l  p o i n t  f o r  t h e  g e n e r a t i o n  o f  
t h e  n e x t  n o n i n f e r i o r  s o l u t i o n .  The DM i s  a s k e d  which  o b j e c t i v e  
i s  s a t i s f i e d  l e a s t  t o  him. The answer i s  o b j e c t i v e  No. 4 which 
i s  s a t i s f i e d  i n  0 . 1 %  o n l y .  Next t h e  DM i n d i c a t e s  t h e  a c c e p t a b l e  
l e v e l s  t o  which s a t i s f a c t i o n  o f  o t h e r  o b j e c t i v e s  may be  changed 
( n o t  less t h a n  250.0 f o r  t h e  f i r s t  t h r e e  o b j e c t i v e s ,  and n o t  
more t h a n  2 .0 ,  1 . 6 ,  1  .7 and 0.9 f o r  t h e  f o u r  r emain ing  o b j e c -  
t i v e s )  . 
I n  T a b l e  3 ,  a l l  e i g h t  n o n i n f e r i o r  s o l u t i o n s  a r e  p r e s e n t e d .  
I t  can  b e  seen  t h a t  i n  t h e  second s o l u t i o n  t h e  d e g r e e  o f  s a t i s -  
f a c t i o n  o f  t h e  o b j e c t i v e  No.4 h a s  been improved (up  t o  2 5 . 4 % ) ,  
mos t ly  a t  t h e  c o s t  o f  worsen ing  t h e  d e g r e e  o f  s a t i s f a c t i o n  o f  
t h e  f i r s t  t h r e e  o b j e c t i v e s .  The DM w a s  n o t  e n t i r e l y  s a t i s f i e d  
w i t h  t h e  improvement  c o n c e r n i n g  o b j e c t i v e  No.4 a n d  h e  i n d i c a t e d  
t h a t  it s h o u l d  b e  i m p r o v e d  f u r t h e r .  H e  a l s o  i n d i c a t e d  t h a t  t h e  
l e v e l s  o f  t h e  f i r s t  t h r e e  o b j e c t i v e s  s h o u l d  a g a i n  b e  n o t  less 
t h a n  250 .0 ,  a n d  t h e  l e v e l s  o f  t h e  f o u r  r e m a i n i n g  o b j e c t i v e s  
s h o u l d  b e  n o t  h i g h e r  t h a n  1 . 6 ,  1 . 8 ,  1.9 a n d  0 . 9 ,  r e s p e c t i v e l y .  
The t h i r d  n o n i n f e r i o r  s o l u t i o n  i n d i c a t e s  f u r t h e r  improve-  
ment  o f  t h e  d e g r e e  o f  s a t i s f a c t i o n  o f  o b j e c t i v e  No. 4 ( u p  t o  
48.  I % ) ,  m o s t l y  a t  t h e  c o s t  o f  o b j e c t i v e  No.5. The DM s t i l l  
w a n t s  t o  i m p r o v e  o b j e c t i v e  No. 4 r e l a x i n g  somewhat  h i s  r e q u i r e -  
m e n t s  c o n c e r n i n g  o b j e c t i v e  No .6  ( n o r  more t h a n  2 . 4 )  . 
. I n  a c c o r d a n c e  w i t h  t h e  D M ' S  w i s h e s  t h e  d e g r e e  o f  s a t i s -  
f a c t i o n  o f  o b j e c t i v e  No.4 i s  n e x t  improved  up  t o  7 2 . 1 %  a t  a 
c o s t  o f  o b j e c t i v e  No.6 ( t h e  l e v e l  o f  t h i s  o b j e c t i v e  f u n c t i o n  
g o e s  up t o  2 . 4 )  . Th e  DM s t i l l  w a n t s  t o  i m p r o v e  o b j e c t i v e  
No. 4--now h e  i s  r e a d y  t o  s a c r i f i c e  o b j e c t i v e s  Nos. 2  a n d  3 
( n o t  less t h a n  2 0 0 . 0 )  . 
M o v i n g t o  t h e  n e x t  s o l u t i o n  o n e  c a n  see t h a t  o b j e c t i v e  
No.4 is now s a t i s f i e d  t o  8 7 . 9 %  w h a t  t h e  DM f i n d s  t o  b e  s a t i s -  
f a c t o r y .  Now h e  t u r n s  h i s  a t t e n t i o n  t o  o b j e c t i v e  No. 2  and  
w a n t s  t o  see how much i t  c a n  b e  improved ,  r e l a x i n g  a  b i t  h i s  
r e q u i r e m e n t s  c o n c e r n i n g  o b j e c t i v e s  No. 1  ( n o t  less t h a n  1 5 0 . 0 )  
a n d  No. 6  ( n o t  more  t h a n  2  - 5 )  . 
I n  c a n  b e  s e e n  t h a t  t h e  o b j e c t i v e  No.2 c a n  b e  c o m p l e t e l y  
s a t i s f i e d  i n d e e d ,  m o s t l y  a t  a c o s t  o f  o b j e c t i v e  No.1. Now t h e  
DM w a n t s  t o  d e v e l o p  b e t t e r  u n d e r s t a n d i n g  how much o b j e c t i v e  
No.7 c a n  b e  improved  i f  h e  r e l a x e s  h i s  r e q u i r e m e n t s  c o n c e r n i n g  
o b j e c t i v e s  No. 1  ( n o t  less t h a n  1 0 0 . 0 ) ,  Nos. 2  a n d  3 ( n o t  less 
t h a n  8 0 . 0 )  , a n d  No - 4  ( n o t  more  t h a n  0 . 5 )  . R e q u i r e m e n t s  con-  
c e r n i n g  o b j e c t i v e  No.6 a r e  a b i t  more s t r i n g e n t  t h a n  b e f o r e  
( n o t  more  t h a n  2 . 4 ) .  The r e q u i r e d  d e g r e e  o f  s a t i s f a c t i o n  o f  
t h e  r e m a i n i n g  o b j e c t i v e s  Nos. 6  and  7  i s  m a i n t a i n e d  a t  t h e  same 
l e v e l  as  b e f o r e .  
I n  t h e  n e x t  s o l u t i o n  it c a n  b e  s e e n  t h a t  o b j e c t i v e  No.7 
c a n  b e  improved  v e r y  s l i g h t l y  o n l y  ( f r o m  8 9 . 2 %  t o  8 9 . 5 % )  ; t h i s  
i s  f o l l o w e d  by  some improvement  o f  o b j e c t i v e s  Nos. 5  and  6 ,  
however, t h e  degree  o f  s a t i s f a c t i o n  o f  a l l  f i r s t  f o u r  ob jec -  
t i v e s  i s  c o n s i d e r a b l y  reduced.  I n  s p i t e  o f  a l l  t h a t ,  t h e  DM 
i s  de te rmined  t o  check once  a g a i n  how much can  be ga ined  i n  
o b j e c t i v e  No.7 by a l m o s t  complete  r e l a x a t i o n  o f  h i s  r equ i r emen t s  
concern ing  a l l  o t h e r  o b j e c t i v e s .  
The r e s u l t s  a r e  p r e s e n t e d  i n  t h e  l a s t  column o f  T ab l e  3 .  
A t  t h i s  p o i n t  t h e  DM d ec i d ed  t h a t  he h a s  l e a r n e d  enough a b o u t  
t h e  t r a d e - o f f s  among c o n f l i c t i n g  o b j e c t i v e s  i n  h i s  a l l o c a t i o n  
problem and t h e  t e s t  a p p l i c a t i o n  o f  t h e  proposed p rocedu re  was 
b rought  t o  an  end.  
The computer program implementing t h e  p rocedure  i s  w r i t t e n  
i n  t h e  FORTRAN language ;  i t s  a p p l i c a b i l i t y  was t e s t e d  on  t h e  
PDP 11/70, CYBER 70, and UNIVAC 1108 machines and f o r  t h e  seven  
o b j e c t i v e s  problem p r e s e n t e d  he r ewi th  g e n e r a t i o n  o f  e a c h  non- 
i n f e r i o r  s o l u t i o n  r e q u i r e d  a lways  less t h a n  1  s CPU. 
CONCLUSIONS 
A t  t h i s  p o i n t  a  l e g i t i m a t e  q u e s t i o n  would be how t h e  a v a i l -  
a b l e  r e s o u r c e s  a r e  t o  be f i n a l l y  a l l o c a t e d  among t h e  c o n f l i c t i n g  
o b j e c t i v e s .  T h i s  paper  d o e s  n o t  p r o v i d e  a n  answer t o  t h i s  ques-  
t i o n ,  s i n c e  t h e  p r o ced u r e  p r e s e n t e d  above does  n o t  employ any 
v a l u e  judgements co n ce r n i n g  t h e  r e l a t i v e  p r i o r i t i e s  among 
v a r i o u s  o b j e c t i v e s .  I t  i s  i n e s c a p a b l e  t h a t  t h e s e  p r i o r i t i e s  
must b e  d e f i n e d  by t h e  DM himse l f  and t h e  o n l y  q u e s t i o n  i s  when 
and how shou ld  t h e y  be d e f i n e d .  The a u t h o r s  o f  t h i s  pape r  do 
b e l i e v e  t h a t  i n s t e a d  o f  making a p r i o r i  d e c i s i o n  i n  t h i s  r e s p e c t ,  
i t  i s  much more a d v i s a b l e  t o  d e f i n e  t h e  p r i o r i t i e s  i n  t h e  p r o c e s s  
o f  l e a r n i n g  more ab o u t  t h e  t r a d e - o f f s  among t h e  c o n f l i c t i n g  ob- 
j e c t i v e s .  The p r o ced u r e  p r e s e n t e d  i n  t h i s  paper  is  i n t ended  t o  
s e r v e  t h i s  purpose  and t h e  p o s s i b i l i t i e s  o f  i t s  f u r t h e r  improve- 
ment w i l l  c o n t i n u e  t o  be i n v e s t i g a t e d  a l o n g  t h e  l i n e s  i n d i c a t e d  
i n  t h e  t e x t .  
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Table  1 System Parameters  
Parameter  Symbol Value U n i t  
In f lows  to t h e  system ql  3  1 . 8  m 3 / s  
q2 1 .5  m j / s  0 . 8  m 3 / s  
q3  ' 0 . 1  m 1 s  q4 
P r e c i p i t a t i o n  P  10 .0  mm 
C o n c e n t r a t i o n  o f  
p o l l u t a n t s  : 
- s i n i m u  a t  c o n t r o l  
p o i n t  A Co 0 . 0 5  mq/l 
- maximum a t  c o n t r o l  
C 10 .0  mq/l p o i n t  A 
nax 
- l n f  t i a l  c o n c e n t r a t i o n  
1 .0  mq/l i n  f o u r  i n f l o w s  
C 2  1.0 mq/l 
3  2.0 mq/l 
C4 1 . 5  a g / l  
Water requ i rements  o f  3  Malmd 2 2.0 m /s 
I n i t i a l  s t o r a g e  volume 5 
0 
30.0 Mm3 
o f  Vonb Lake 
3 C a p a c i t y  o f  Vonb Lake S  80.0 Mm 
3 S t o r a g e  l e v e l  o f  Vomb S 29.0 Mm 
Lake o p t i m a l  f o r  c p t  
r e c r e a t i o n  
Length o f  t i m e  ~ e r i o d  T 2 . 5 9 ~ ~ 0 ~  s 
Mlninum r e q u i r e d  flow EN 6 .0  m 3 / s  
a t  t h e  c o n t r o l  p o i n t  A 
P o t e n t i a l  a c r e a g e  A l l j  3000.0 h a  
a v a i l a b l e  f o r  i r r i g a t i o n  AlO4 2530.0 h a  
AG4 2300.0 h a  
I 
! 
I 
1 
Parameter  .. Symbol Value Cnic 1 
Optimal  a p p l i c a t i o n  Fl14 150.0 kg/ha '  
r a t e  o f  f e r t i l i z a t i o q :  
F104 180.0 k q / h c  
F64 180.0 kg/ha 
Optimal  a p p l i c a t i o n  r a t e  ORll4 650.0 m /ha 3 
o f  l r r i q a t l o n :  3 ORlo4 6 M . 0  m /hq 
3  ' ORs4 650.0 a /ha 
C o e f f i c i e n t s  o f  r e l a -  a  1 4.111 - 
t i o n s n i p  d e s c r i b i n g  
1 1.42 - y i e l d  e f f e c t s  o f  
i r r i g a t i o n  and f e r -  c 0.0 - 
t i l i z a t i o n  i n  all 
a  
a g r i c u l  t u r a l  a r e a s  2  4 . 1 5 2  - 
b 2  1 . 3 1  - 
c 2  0 . 5  - 
4 . 2 0 0  - 
t 3  2.70 - 
c . 1.0 - 3 
a  4 . 2 8 0  - 
b4 3.68 - 
C4 1 . 5  
- I 
L e v e l s  o f  f e r t i l i z a t i o n  0 . 0  k q i h a  
l2 80.0 kq/:?a 
l3 160.0 k q i h a  
l4 240.0 k q / h  
' 
c o e f f i c i e n t s  o f  volume av . 4 . C 0 4 9  - ! 
curve  o f  t h e  Vomb Lake bv 0.6464 - 
c-r 0.0 - 
water l o s s  c o e f f i c i e n t s  @1 7 1  0 . 8  - 
i n  a g r i c u l t u r a l  a r e a s  4 0 . 9  - 
64 0 . 8  - 
C o e f f i c i e n t  o f  -&e 
p o l l u t i o n ' s  r e d u c t i o n  
i n  the Vomb Lake 0 . 9 .  
Table  2 Computer Printout o f  the F i r s t  N o n i n f e r i o r  S o l u t i o n  
NlJflBEh' I H E  I HE I HE 
OF UOkST COMPUTE ZiE 5'1' F'ERCEiJT 
F U H C T I O N  VALUE VALUE V A l l J E  
I 39.??3 233.305 23°.365 100.3 
2 32.725 274.521 2?4.531 130.3 
3 30.1 07 252.569 252.5," 100.0 
4 2.000 1.998 . 0eiO . I 
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